Spontaneous orthotopic liver transplant (OLT) tolerance occurs uniformly between the inbred rat strains of DA (MHC haplotype RT1 a ) into PVG (RT1 c ) despite a fully allogeneic barrier. Animals transplanted in this combination do, however, undergo a rejection episode which appears to be self-limiting. In order to clarify this further we under took in situ measurements of the cytokines IL-2, IFN-and TNF-prior to, during and post rejection episode. The cytokine protein product was examined via immunoblotting assays and mRNA levels by RT-PCR. Comparisons were also made for syngeneic transplant combinations over the same time period. Peak protein expression of IL-2 and, to a lesser extent, IFN-, occurred during the rejection episode between days 10 and 14. IFN-was still present in syngeneic OLT on day 10 but was only present in allogeneic OLT on day 14. IL-2 was only detectable in allogeneic OLT on days 10 and 14. Transient increases in TNF-occurred in allogeneic and syngeneic OLT with TNFlevels falling by the peak rejection episode. Immunoblotting also confirmed the ability of hepatocytes to produce each of the cytokines studied. mRNA levels, by contrast, were maximal at days 1 and 10 for IL-2 and day 3 for IFN-in allogeneic OLT when compared with syngeneic and non-transplanted controls. Earlier increases in IL-2 and IFN-mRNA and time of peak protein expression do not correlate in this model. We therefore conclude that the measurement of peak mRNA levels alone are not enough to evaluate the rejection process especially since it is the cytokine protein products which have potential biological activity.
Immunosuppressive therapy using drugs such as cyclosporin A (CsA) or FK506 are not required for orthotopic liver transplantation (OLT) between the inbred rat strains DA (MHC haplotype RT1 a ) and PVG (RT1 c ) to achieve allograft tolerance. [1] [2] [3] [4] [5] [6] Animals transplanted in this combination, despite a complete major histocompatibility complex (MHC) mismatch, do not reject the transplanted allograft and many mechanisms have been proposed to account for this phenomenon. These have included the presence of unusual soluble MHC class I molecules synthesised by the liver, [7] [8] [9] presence of anti-MHC class I antibodies, 4 ,10-12 a higher rate of donor cell migration, 5, 6 expression of novel immunosuppressive proteins 13, 14 and possible high-dose-activation-associated tolerance. 1, 15 Despite the appearance of spontaneous OLT tolerance, animals in this transplant combination do, however, undergo a rejection episode which appears to be self-limiting. Previous studies have shown that interleukin 2 (IL-2) and interferon gamma (IFN-) mRNA are upregulated in spontaneous tolerant OLT models as early as 1 day post transplant in the recipient spleen and lymph nodes. 1, 15 Induction of a given cytokine gene or increases in mRNA may however not necessarily result in increased expression of the corresponding protein product [16] [17] [18] or indicate the time of peak cytokine protein expression. Additionally, studies which have looked specifically at cytokine mRNA expression in transplanted livers of the spontaneously tolerant model of Lewis (donors) (RT1 1 ) into DA (recipients) have not examined the cytokine mRNA over the time period during which the peak rejection episode occurs. 19, 20 The reason for this is that, in these previous studies comparisons were made for both the spontaneously tolerant combination of Lewis (donors) into DA (recipients) and the rejecting and converse combination of DA (donors) into Lewis (recipients). The (DA into LEW) OLT model does however require treatments with immunosuppressants in order to achieve tolerance, making comparisons of the cytokine profile over the actual peak rejection episode without the use of such drugs not possible. The peak rejection episode in the spontaneous tolerant OLT model of DA (donors) into PVG (recipients) is between 10 and 14 days 21 as it is also for (Lewis into DA) and (DA into Lewis). 5, 19, 22 In order to clarify this further we have under taken measurements of the cytokines IL-2, IFN-and TNF-both prior to, during and post rejection episode. In each case the presence of both the cytokine protein product and mRNA was examined via immunoblotting assays and by reverse transcriptase polymerase chain reaction (RT-PCR) for IL-2 and IFNmRNA. Comparisons were then made with syngeneic OLT combinations over the same time period and non-transplanted controls.
RESULTS

Immunoblotting and computer densitometery
Representative immunoblots for tumour necrosis factor-(TNF-), IFN-and IL-2 on extracted transplanted livers from days 1, 3, 10, 14 and 21 days following OLT are shown in Figure 1A . One day after OLT only a very low level of IFN-could be detected in the allogeneic combination ( Fig. 1A and B) , by comparison, no IFN-could be detected in syngeneic (DA into DA) and (PVG into PVG) combinations. In the syngeneic combination of (PVG into PVG), TNFwas detectable one day after transplant, however none of this cytokine could be detected in the other syngeneic combination (DA into DA), or in the allogeneic combination (DA into PVG). The expression of IL-2 was evident by day 3 with far more of this cytokine being present when compared to TNF-or IFNlevels. The concentration of IL-2 in the (DA into PVG) allogeneic combination was also higher than the amount expressed by syngeneic combinations, 3 days post transplant. The concentration of IFN-by comparison was lower in the allogeneic (DA into PVG) combination in contrast with syngeneic combinations (Fig. 1B) . Concentrations of TNF-were much more varied with largest levels being attained in the syngeneic (DA into DA) combination followed by the allogeneic combination and then the other syngeneic combination of (PVG into PVG).
Ten days after OLT and during the peak rejection episode, the concentration of IL-2 had increased substantially. No IL-2 could be detected in syngeneic OLT combinations and while the concentration of IFNhad also increased, it was only marginally higher than the syngeneic combinations. The concentration of TNF-had fallen between days 3 and 10 in the allogeneic (DA into PVG) combination and was greater than the TNF-concentration in the (PVG into PVG) syngeneic combination. The TNF-concentration in the (DA into DA) syngeneic combination was no longer detectable.
Fourteen days after OLT when the rejection episode had began to resolve, TNF-could no longer be detected in allogeneic or syngeneic combinations. The concentration of IL-2 was still very high in the allogeneic model with no detectable levels in syngeneic combinations. IFN-was still slightly elevated in the allogeneic (DA into PVG) combination but again was not detected in either of the syngeneic combinations. Twenty-one days after OLT none of the cytokines investigated could be detected by immunoblot. Hepatocytes cultured for 24 and 36 h with LPS in each case resulted in detectable amounts of the cytokines under study. These acted as controls in immunoblotting experiments and further demonstrated the ability of hepatocytes to produce these cytokines.
mRNA analysis using RT-PCR
The expression of cytokine mRNA in the liver of allogeneic (DA into PVG) and syngeneic (DA into DA) OLT combinations is shown in Figure 2 . The appearance of PCR product at earlier cycles represents a greater expression of the cytokine mRNA. Interleukin 2 mRNA expression was found to be strongly upregulated 1 day after transplant in allogeneic combinations. On day 3, IL-2 mRNA expression had fallen in the allogeneic combination but then increased again to slightly elevated levels by day 10. The increase on day 10 was however not as large as the upregulation seen for day 3. Levels of IL-2 mRNA thereafter fell with expression by day 21 being the same as witnessed in both non-transplanted livers and syngeneic controls.
Interferon-mRNA expression, by comparison, was found to be largely upregulated by day 3 in the allogeneic OLT combination (Fig. 2) . A marginal increase in expression also appeared on day 10 in one of the transplants. All other time points had approximately the same degree of upregulation of IFNmRNA however this was still greater than the mRNA levels observed for either syngeneic or nontransplanted controls.
DISCUSSION
We have clearly shown in this study that the peak protein expression of IL-2 and, to a lesser extent, IFN-correlate with the peak rejection episode in the spontaneous tolerant OLT model of DA (donors) into PVG (recipients). This is in contrast to previous investigations which have examined only the mRNA profile of these cytokines in another spontaneous OLT model of LEW (donors) into DA (recipients) 19, 20 and in the combination of PVG (donors) into DA (recipients). 23 Studies centered on mRNA expression of cytokines alone in OLT do not indicate if the protein product is equally upregulated and how long after the
TNF-a increase in message, the protein product is expressed. In some circumstances mRNA may have increased without a corresponding increase in the protein product. 16, 18 Further, in the case of TNF-, secretion of this cytokine is also regulated at the post-trancriptional level 24 and so mRNA levels do not necessarily correlate with the release of TNF-itself.
A major concern with previous investigations is that the peak rejection episode with regards to protein levels, was not investigated. 19, 20, 23 Cytokine production during the peak rejection episode is due both to infiltrating leukocyte populations and hepatocytes undergoing immunological attack. Previous in vitro investigations have shown that hepatocytes have the ability to produce TNF-, 25,26 IFN-27 and IL-2. 21 In order to confirm these findings and produce controls for immunoblotting, hepatocytes were cultured in vitro in the presence of LPS for 24 and 36 h. Hepatocytes isolated from cultures were found to be positive for each of the cytokines cultured with LPS ( Fig. 1A and  B) . Immunoblotting results of transplanted livers therefore represent the combined production of any given cytokine by both infiltrating leucocyte populations and hepatocytes.
Sun et al. 19 found that the levels of IL-2, IL-10 and TNF-mRNA were slightly lower in rejecting OLT (DA-LEW) livers than in tolerant (LEW-DA) transplant combinations on day 1. While this study centered only on mRNA expression rather than upregulation of the protein product, early upregulation of IL-2 may lead to the higher levels of the protein product seen during the peak rejection episode. Further experiments from the same group of investigators, and in the same transplant combinations, subsequently demonstrated that higher levels of IL-2 and IFNmRNA were found in celiac lymph nodes and spleen in the spontaneously tolerant combination of (LEW-DA) when compared with the converse rejector combination (DA-LEW). 1, 15 When considering the phenomenon of microchimerism on the transplant process 1,4-6,15,23 it is difficult to understand why higher levels of IL-2 and IFN-would be found only in lymphoid organs and not similarly increasing in the transplanted liver. The observed paradoxical immune activation in the lymphoid tissues of tolerant animals has been suggested to be associated with a high-dose tolerance mechanism. 15, 23, 28 This mechanism involves the rapid activation of responding T cells followed by their inactivation or deletion post transplant.
Another possibility is an altered regulation of the recipient's IL-2 pathway in response to alloantigen, as was found in a tolerant model of rat kidney transplantation. 17 In this investigation, graft-infiltrating cells isolated from tolerant animals were found not to make biologically active IL-2, however the IL-2 gene was induced. This was due to a decreased expression of both the and chains of the IL-2 receptor. The tolerant state could however be completely reversed by administration of recombinant IL-2 at the time of transplant. A similar finding has also recently been found for the spontaneously tolerant (DA-PVG) OLT combination, as used in this study, where by exogenous administration of IL-2 at the time of transplant results in rejection of the transplanted liver. 29 The transient increases in TNF-levels in the spontaneous tolerant (DA-PVG) OLT model were similar in syngeneic combinations and may largely be upregulated in response to surgical damage, particularly as a consequence of ischaemia/reperfusion injury, 30 since levels of TNF-were falling when the peak rejection episode had been reached.
We have also examined the mRNA profile of IL-2 and IFN-in the (DA-PVG) OLT combination to determine how accurately this relates to observed changes in protein expression. The upregulated expression of IL-2 mRNA on day 1 and IFN-on day 3 in this study correlates with previous findings in the converse OLT combination of (PVG-DA). 23 The important point to make is that expression of IL-2 or IFN-mRNA both prior and during the peak rejection episode was always more elevated in the allogeneic OLT combination than in syngeneic or nontransplanted livers. This was also found to be the case in other allogeneic OLT models. 19 What is not known is how this directly relates to protein expression as we do not know the relationship between a given number of molecules of mRNA equating to a certain amount of biologically active protein being produced. Changes in the concentration of the protein product for each of the cytokines investigated proved in our hands, to be a more insightful method of determining changes in the cytokine profiles.
In conclusion, we have investigated the upregulation of IL-2, TNF-and IFN-during the peak rejection episode in the spontaneous tolerant rat OLT model of DA (donors) into PVG (recipients). We have shown that peak IL-2 and, to a lesser extent, IFNprotein expression correlate with the peak rejection episode and are not merely a consequence of surgical damage following OLT. We have additionally shown that the overall produced concentration of these cytokines is not due solely to the presence of infiltrating leucocytes as hepatocytes are also capable of producing these proteins. We have demonstrated that mRNA levels of IL-2 are maximal at days 1 and 10 following OLT and day 3 for IFN-. Despite this observation both cytokines were however elevated both prior to and during the peak rejection episode in the allogeneic combination (DA-PVG) when compared with syngeneic and non-transplanted controls. We conclude that the measurements of the cytokine protein product during the peak rejection episode are therefore more accurate than mRNA levels particularly since it is the cytokine protein products which have potential biological activity.
MATERIALS AND METHODS
Surgery
The following rats, each 8-16 weeks of age, were used for OLT and surgery was performed as described previously: 22 
Hepatocyte culture
DA livers were perfused with calcium-free Kreb's bicarbonate buffer followed by 200 mg collagenase in 200 ml of Kreb's bicarbonate containing 1.2 mmol/l CaCl 2 and 1.8% bovine serum albumin. All solutions were maintained at 37 C and aerated with 95% O 2 /5% CO 2 . The partially digested liver was then excised and passed over 60 m nylon mesh and resuspended in Dulbecco's phosphate-buffered saline (DPBS) (Sigma, St. Louis, MO, USA). Hepatocytes were then centrifuged through DPBS at 50 g for 5 min. After a second centrifugation through a 30% percoll-DPBS gradient, hepatocytes were resuspended in William's E medium with 1 mmol/l L-arginine, 1 mol/l insulin, 15 mmol/l HEPES (pH 7.4), 1 mg/ml streptomycin and 10% heat inactivated fetal calf serum (FCS). The cell suspension was then incubated in plastic 24-well plates for 45 min to remove any residual Kupffer cells. Hepatocyte purity was assessed by CD68 immunocytochemistry and with leukocyte esterase staining and viability assessed by trypan blue exclusion. Hepatocytes were plated at a density 5.0 10 5 cells/ml in DPBS containing 10 g/ml lipopolysaccharide (LPS) and incubated for 24 and 36 h at 37 C in 95% O 2 /5% CO 2 . Cells were then harvested for protein isolation of TNF-, IL-2 and IFN-.
Immunoblotting for TNF-, IL-2 and IFN-
Isolated hepatocytes treated with LPS or whole livers from transplanted animals were each homogenised with a Polytron (IKA Labortechnik, Staufen, Germany) and detergent extracted with Triton X-100 using a previously described method. 4 Aliquots (100 g) of the extracted material were then added to Laemmli sample buffer 32 and electrophoretically separated on discontinuous SDS-PAGE (3% stacking gels, 8.5% separating gels). The gels were subsequently blotted onto nitrocellulose membrane using the method described by Towbin et al. 33 and IFN-, IL-2 or TNF-detected by the binding of goat anti-rat polyclonal antibodies directed against these cytokines (R&D Systems, Minneapolis, MN, USA) and at a concentration of 0.40 g/ ml followed by horseradish peroxidase donkey anti-goat (0.25 g/ml) (Serotec Ltd, Oxford, UK). Development of the blots was achieved by using an ECL western blotting detection kit (Amersham, Little Chalfont, Buckinghamshire, UK) and exposure to X-ray film. Prestained broad range molecular weight markers were also run to estimate the molecular mass of reactive antigens. The experiment was repeated six times and the immunoblots then analysed on a Bio-Rad (model GS-700) imaging densitometer (Bio-Rad, Hercules, CA, USA) using molecular analyst software.
mRNA analysis using RT-PCR
Measurement of cytokine mRNA levels of IL-2 and IFN-over the peak rejection episode in the (DA into PVG) OLT model was performed to see if any differences in upregulation could be observed. Syngeneic combinations as well as non-transplanted livers were also included as controls. RNA preparation and cDNA synthesis together with the forward and reverse cytokine primers employed for IL-2 and IFN-have been described previously. 19, 23 Polymerase chain reaction amplification was performed by addition of 2 l of cDNA solution in a final volume of 50 l which contained the following: 660 ng of each of the forward and reverse primers in 0.125 mM dNTP, 1.0 U Taq polymerase (Pharmacia, Uppsala, Sweden) in 1 Taq polymerase buffer, 1 mM MgCl 2 . All tubes were then overlaid with paraffin oil and subjected to thermal cycling. Amplification consisted of an initial denaturation step at 94 C for 2 min followed by denaturation at 94 C for 30 s, primer annealing at 55 C for 30 s and chain elongation at 72 C for 1 min. Four-microlitre aliquots were removed from the reaction at the end of each cycle up to cycle 37. One microlitre of each cycle sampled was then blotted onto Hybond N nylon membrane (Amersham). The membranes were subsequently hybridized with an internal probe end-labeled with 32 P-ATP in 5 saline sodium citrate containing 0.5% non-fat milk powder, 0.1 mg/ml sheared salmon sperm DNA and 0.5% SDS at 55 C for 18 h. The blots were then washed in 2 saline sodium citrate containing 0.5% SDS and measured by phosphor image analysis on a Molecular Imager FX system (BioRad).
